INTRODUCTION
Considerable evidence has accumulated in recent years that the physiological function of superoxide dismutase (SOD)' is a protective one (1) (2) (3) (4) (5) (6) . The reactive free radical substrate Oi-is generated as a toxic intermediate in a wide variety of biological reactions that reduce molecular oxygen, and several specific mechanisms have been delineated by which its deleterious actions are realized (6, 7). The enzyme scavenges superoxide by catalyzing its dismutation to oxygen and hydrogen peroxide Dr. Salin is supported by Postdoctoral Research Fellowship NS 01322 from the National Institute of Neurological Diseases and Stroke.
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Although it appears that all oxygen-metabolizing cells contain large amounts of SOD, the mammalian extracellular fluids that have been examined contain only traces of the activity (6) . In 1971 a positive identification was made between the enzyme isolated by McCord and Fridovich as superoxide dismutase (8) and a protein isolated several years earlier by Huber and co-workers on the basis of its anti-inflammatory properties (9) . This anti-inflammatory protein had been named "orgotein." A relationship between SOD activity and anti-inflammatory activity became obvious with the observation by Babior et al. that phagocytosing polymorphonuclear leukocytes (PMN), effector cells of the acute inflammatory response, release large amounts of superoxide into the medium in which the activated cells are suspended (10) . Superoxide production by leukocytes apparently contributes to the killing of ingested bacteria (11) . The release of a sizable fraction of the Oa into the medium is perhaps an inadvertent and unfortunate side effect of the process (12) . It was recently shown that the amount of superoxide radical produced by a concentration of leukocytes such as might be found in an inflamed rheumatoid joint is sufficient to cause extensive and rapid degradation of the joint fluid whereas SOD protected the fluid against degradation (6) . The present study illustrates another possible aspect of the anti-inflamma- tory action of SOD, namely, the protection of the leukocytes themselves from self-inflicted free radical damage and premature death.
METHODS
Human PMN were isolated from freshly drawn venous blood as previously described (13) . The cells were typically greater than 95% viable as judged by their ability to exclude trypan blue (14) and were greater than 98% PMN. showed a slow loss of viability during the first 15 h of incubation. After that time, loss of viability proceeded rapidly with 90% of the cells dead at 35 h. A third incubation mixture of phagocytosing PMN contained E. coli plus SOD at 300 ,ug/ml. The addition of the SOD restored the viability of the phagocytosing cells to that of resting cells. Johnston and co-workers (11) found that SOD at comparable concentrations did not interfere with the process of phagocytosis and had little or no effect on bactericidal action by PMN. The concentration of SOD required to produce maximal protection was determined by incubating phagocytosing suspensions of PMN with various concentrations of the enzyme at 370C for 40 h and by observing the viability of the cells at the end of the incubation. These data are shown in Fig. 2 2 Effect of SOD concentration on maintenance of PMN viability. Conditions and procedures were as described in Fig. 1 , except that SOD concentration was varied as indicated, and all incubations were examined only after 40 h. All cells were phagocytosing except the point labeled "Resting." tericidal action by leukocytes (6, 11, 16) . Thus, it was a possibility that the chemical species causing the loss of PMN viability was the hydroxyl radical, OH-. The production of OHS by reaction 2 can be prevented by the action of SOD or of catalase, either of which halts the reaction by scavenging a reactant. Alternatively, the OHS may be scavenged as it is formed by such agents as mannitol (17) . Fig. 3 shows that SOD, catalase, or mannitol maintained the viability of phagocytosing PMN equal to that of resting cells. The failure of bovine serum albumin to protect the cells rules out any nonspecific protein effect, as does the fact that the incubation mixtures contained 5% autologous serum. We therefore conclude that the agent causing the death of the cells is the hydroxyl radical produced secondarily from the superoxide radical. Superoxide radical, per se, which was not scavenged in those incubation mixtures containing mannitol or catalase, did not cause the premature death of the cell. Likewise, hydrogen peroxide, per se, which was not scavenged in those incubation mixtures containing mannitol or SOD, did not cause the premature death of the cell. Only when Oi-and H202 are simultaneously present is hydroxyl radical formation possible, and only under these conditions was premature death following phagocytosis observed.
The time-course of cell death varied considerably for cells obtained from different donors, but the maximal rate of cell death was always seen to take place between 12 and 30 h after the phagocytic challenge. This delayed death was not anticipated since the metabolic burst of O. production was shown to occur in the 30 min after phagocytosis. After 30 min the Oi production of the cells returns to the level of resting cells (10, 12, 18) . Thus, it appeared that the cells were "mortally wounded" by the initial burst of radical production but that death did not result from this damage until sometime later. To test this hypothesis, PMN were induced to phagocytose SOD, 250 sug/ml; mannitol, 1 mM; catalase, 250 A~g/ml; bovine serum albumin (BSA), 250 uLg/ml. Viability was determined after 48 h. These results represent the average of three separate experiments. Percent viability for unprotected cells was 32±8.5% (n =6), and for protected phagocytosing cells was 65±5% (n = 9). FIGuRE 4 Time-course of protection of phagocytosing PMN by SOD. Conditions were as described in Fig. 1 . After allowing 1.5 h for the completion of phagocytic activity, the cells were centrifuged at 750 g for 5 min and resuspended in fresh medium, then incubated an additional 28.5 h. SOD was present, when and where indicated (+), at 300 uig/ml. The percentage of viable cells at the end of the incubation was based on the number of viable cells present at t = O. These data represent the results of a single experiment. The phenomenon was also observed with a 2 h initial incubation period.
in the presence and absence of SOD. After 1.5 h, when superoxide production would have ceased, samples of each incubation mixture were gently centrifuged down and resuspended in media with or without SOD for the remainder of the observation period. The results of this experiment, seen in Fig. 4 , clearly show that cell death can be prevented only if SOD is present during that part of the incubation in which the O2 production takes place and that SOD cannot prevent cell death if added after the exposure to superoxide has occurred. DISCUSSION Results identical with those described above were obtained by stimulating the PMN with serum that had been incubated with bacteria, then centrifuged to remove the bacteria themselves before being added to the PMN. That is, the presence of particulate matter for inclusion into phagocytic vacuoles was not necessary for the observance of the premature death phenomenon or for its prevention by SOD. This finding rules out the possibility that the leukocyte death might be related to bacterial metabolic events taking place within the phagocytic vacuoles. It has been shown that "activated" serum (18) and other soluble activating factors such as endotoxin or lymphokine can induce superoxide production in PMN in the absence of particular matter (12) . Fig. 2 indicates that a concentration of SOD of 200 /Ag/ml was required to produce a maximal protective effect. Other phenomena thought to proceed by essentially the same mechanism (i.e., hydroxyl radical production via reaction 2) have been approximately 100-fold more sensitive to inhibition by SOD (6, 16 (19, 20) . It is clear that the death of leukocytes and the concomitant or subsequent release of hydrolytic enzymes and chemotactic factors play major roles in the perpetuation of the inflammatory cycle (21) . The cells of surrounding healthy tissue would, of course, also be subject to serious insult leading to death and lysis, either from primary attack by the radicals in the interstitial fluid or from secondary attack by hydrolytic enzymes released from lysed PMN. By intravenous injection, it may not be possible to maintain the necessary concentration of SOD in the extracellular fluids to protect PMN from their own free radical-induced destruction, since the protein is cleared quite rapidly from the circulation.2 By local injection, however, such a concentration may be realistically achieved at the site of the inflammation (19, 20) . The preparation of derivatives of SOD with longer circulating half-lives is currently under investigation.
The data reported herein and elsewhere (6) support the notion that the superoxide radical per se may not be so detrimental a species in a physiological context. Through its reaction with H202 (reaction 2), however, it is capable of generating another radical species, OH-, which is apparently capable of causing damage of grave consequence to physiological systems. Because of the nearly complete absence of SOD and catalase in extracellular fluids, the generation of OH-in vivo seems a real possibility. In the present case, the chemical nature of the damage to the PMN is unknown. The site of the lethal damage appears to have been the outer surface of the plasma membrane, since extracellular SOD and catalase prevented it.
